Abstract. Ice particle and cloud properties such as particle size, particle shape and number concentration influence the net radiation effect of cirrus clouds. Measurements of these features are of great interest for the improvement of weather and climate models, especially for the Arctic region. In this study, balloon-borne in-situ measurements of Arctic cirrus clouds have been analysed for the first time with respect to their origin. Eight cirrus cloud measurements were carried out in Kiruna 5 (68°N), Sweden, using the Balloon-borne Ice Cloud particle Imager, B-ICI. Ice particle diameters between 10 µm and 1200 µm were found and the shape could be recognised from 20 µm upwards. Great variability in particle size and shape was observed.
of balloon-borne measurements is that vertical cloud profiles can be measured with high spatial resolution. Furthermore, it is possible to measure with very high image resolution.
This study discusses balloon-borne measurements of particle properties with a particular emphasis on particle shape and size. For this, particles were imaged with a very high image resolution (1 pixel = 1.65 µm) so that the shape is identifiable from a size of 20 µm upwards. For aircraft measurements, in comparison, the often used optical array probes record the shadow of 5 particles with pixel resolutions between 10 µm and 25 µm (Knollenberg, 1981; Lawson et al., 2006; Baumgardner et al., 2017) .
The cloud particle imager, CPI (Lawson et al., 2001 ) has at 2.3 µm a comparable pixel resolution so that it may be used for smaller particles, if they are in-focus.
The balloon-borne in-situ measurements have been carried out north of the Arctic Circle in Kiruna, in order to obtain highresolution images of ice particles in cirrus clouds and thus provide accurate information on Arctic cirrus clouds, their particles, temperature in the troposphere during the measurement days was between −70
• C and −55
• C. Meteorological conditions on these days are described in Sect. 3.1.
Measurement methods
For balloon-borne measurements of cloud and ice particle properties, an in-situ imager, the Balloon-borne Ice Cloud particle
Imager (B-ICI), and a radiosonde have been utilised. For a typical measurement, both are carried by the same balloon, ascending 5 at an average vertical speed of approximately 4 m/s, through the troposphere and up to an altitude of about 13 km. The balloon type used is a plastic balloon (Raven Aerostar 19000 ft 3 ). Auxiliary data from two LIDARs, one located at Swedish Institute of Space Physics (IRF, Kiruna) and one at ESRANGE, as well as a RADAR located at ESRANGE are also used. The heart of these measurements is the in-situ imager. This device with related methods and the instruments to support the measurements are described in this section. 
In-situ imager
The in-situ imager B-ICI was built for this campaign and is a light-weight (approx. 3 kg) probe for balloon-borne use. In an experiment, while ascending through the vertical extent of encountered ice clouds, it captures ice cloud particles and images them optically with a high resolution CCD camera. The images are stored on a memory card for post-flight analysis. Then, at a height of about 13 km, the instrument is cut off from the balloon and descends with a parachute back to ground, where it 15 can be recovered. All measurements reported here were carried out during winter months when ground was covered by snow and lakes were frozen. This allowed safe landings and subsequent easy recovery of the instrument payload and image data by helicopter.
The balloon-borne probe B-ICI has been described by Kuhn et al. (2013) and Kuhn and Heymsfield (2016) , however, for clarity details of the instrument will be provided here, too. Figure 1 shows the top view of the instrument with removed covers. It 20 consists of two main units: the ice particle collecting and imaging unit which comprises the inlet (label 'a' in Fig. 1 ), oil-coated film (b), and part of the imaging optics (microscope objective, mirror, and illuminating LED); and the control unit comprising battery, camera (c), motor (d) and computer (e). As the imager is ascending under the balloon, ice particles enter through the inlet. The inlet opening is approximately 31 mm × 31 mm, so that at any moment a 31 mm long section of the oil-coated film is exposed to cloud ice particles. The 4 m long film is continuously moving at constant speed (1.1 mm/s) to expose always new,
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un-used film and avoid superposition of particles. The film is 8 mm wide and centred under the inlet, so that air will pass around the film on either side. Directly beneath the inlet, an opening on the lower side of the instrument's collecting unit with the same dimensions as the inlet allows air to move through the collecting unit. Ice particles entering directly above the film, due to their inertia, do not follow this air stream around the film and collide with it instead. Thus, these ice particles are collected, and due to the oil-coating will stay on the film. The collection efficiency has been discussed by Kuhn and Heymsfield (2016) and is 30 50 % at approximately 12 µm and 80 % at around 25 µm and higher for larger particles.
A camera system images the film 38 mm from the inlet. Hence, ice particles on the film are photographed shortly after collection. This camera system consists of a microscope objective, a tube lens, and a CCD sensor (1280 × 960 pixels). The imaging optics has a high pixel resolution of 1.65 µm/pixel and an optical resolution of approximately 4 µm (as judged from the smallest details that can be discerned on the images).
Image processing
After recovery of the instrument and its image data, images are retrieved from the memory card for the following image processing on an office computer. In the first step of the three-step image processing procedure, particles are traced manually 5 aided by a graphical computer program. This step could not be automated yet due to effects of the oil coating creating both shadows and bright regions around ice particles. In the second step, these outlines are filled and images are converted to binary masks with true pixels representing ice particles (belonging to one of the filled outlines) and false pixels representing background pixels not belonging to any filled outline. Ice particles on the binary masks are identified and their edges are found (with the Matlab function bwboundaries). Then, particle size, area, area ratio, and number concentration are determined from 10 these particle edges. This second step is carried out automatically.
As a measure of particle size, we use a particle maximum dimension, Dmax. Several different definitions of particle maximum dimension are in use in the literature (see for example Wu and McFarquhar, 2016 , and references therein) and we have chosen the diameter of the smallest circle that encloses the whole particle. The number concentration N is determined from the number of ice particles collected on a given area of the film. The conversion accounts for the instrument's sample flow rate
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of approximately 130 cm 3 /s and has been described by Kuhn and Heymsfield (2016) . Particle size distributions dN /dDmax are then derived from N in size bins (equally spaced on linear size scale) by dividing N by the size bin width. It should be noted
here, that the sampling flow rate of B-ICI, and with that also the sample volume, is independent of the particle size for sizes above approximately 25 µm, where sampling efficiency approaches 100 % (see above). For most aircraft-mounted probes such as the optical array probes this is not the case and sample volume directly depends on particle size, in particular for particles 20 below about 200 µm in size, which results in large uncertainties in the sample volume depending on the choice of particle maximum dimension (Wu and McFarquhar, 2016) . Our choice of maximum dimension is the one recommended by Wu and McFarquhar (2016) , and, due to the size-independent sample volume here, it does not have an important impact on the derived number concentrations and size distributions.
In the third step, ice particles are classified manually into shapes by looking at each individual ice particle. The high-25 resolution images of ice particles allow us to identify shapes of particles with sizes of approximately 20 µm (12 pixels) or larger. Each ice particle is assigned to one of five shape groups: compact, irregular, rosettes, plates, and columnar particles.
These groups were defined based on a classification by Bailey and Hallett (2009) . Figure 2 shows cases of each group. Compact particles have no pronounced features deviating from a compact geometry and include particles of spheroidal shape. Rosettes include all types of bullet rosettes, column rosettes, sheath rosettes and irregular rosettes. Rosettes can have two or more arms.
30
Plates and columnar particles are symmetrical with simple hexagonal geometries. They will most likely attach to the oil-coated film with one of their facets having the longest dimension. Thus, we classify particles visible with a hexagonal basal facet as plates and ice particles that show the longer prism facets as columnar. In addition to hexagonal columns, the shape group of columnar particles also includes single bullets. Irregulars are those particles that cannot be sorted into any other group. For each measured cirrus cloud, all particles were assigned to one of the five shape groups.
The vertical resolution of particle number concentrations and size distributions depend on the number (or number concentration) of collected particles. In case of high particle number concentration, averaging over 10 s is sufficient, which corresponds to around 40 m vertically. For the size distributions, a slightly higher averaging period has to be used. If the particle num-5 ber concentration is low, only one size distribution over the whole cloud can be averaged. This results in different vertical resolutions for the different measurement flights.
The sizing accuracy can be estimated by assuming an effective error of a few pixels when tracing the outline of ice particles.
For small particles with about 20 µm (12 pixels) in size this error may be estimated as 2 pixels corresponding to approximately 17 % sizing error. For larger ice particles the error can be on the order of 3 pixels or 5 µm, which corresponds to 10 % for a 10 50 µm ice particle and 5 % and less for 100 µm or larger ice particles. This is similar to the experimentally determined sizing error of 4 % by Kuhn et al. (2012) , who used comparable imaging optics.
Radiosonde, LIDARs and RADAR
A radiosonde is connected to the in-situ imager B-ICI. It measures temperature, humidity, altitude and geographical position.
Thus, these parameters can be assigned to the photographed ice particles. The RS92 from Väisälä is used for these measure- when comparing extinction coefficients directly. An additional uncertainty arises from the fact that the LIDAR ratio (extinction coefficient/ backscatter coefficient) is not known. The in-situ data may help to constrain the LIDAR ratio, which will be tested in future with more joint data from our ongoing campaign.
Classification of Measurements
Data from eight measurement flights are presented in this study. The following subsections describe the classification of the 30 clouds probed on these days. In Tab. 1 the flight times of the balloons and the classification of the cirrus clouds by weather conditions (see Section 3.1) and formation origin ( see Sect. 3.2) are listed. In Sect. 3.3, the microphysical properties of the observed ice clouds are presented.
Weather conditions
Weather conditions on the measurement days have been analysed using weather maps, such as ground pressure with frontal analysis (from DWD) and 500 hPa geopotential (accessed on www.wetter3.de), and IR satellite images (from MSG-Eumetsat 5 accessed on http://www.woksat.info/wos.html). The wind direction is ascertained with the help of the balloon trajectories and the back trajectories of the air mass. Figure 3 shows the back trajectories of air parcels at middle cloud heights (arithmetic mean between the bottom and top of the cloud) for 24 h before the flight (left) and the trajectories of the in-situ imager flights (right). It can be seen that the wind came from the south only on two of eight days. On all other days, the wind direction was 100μm% Irregular(
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Figure 2. Classification of the different particles into five shape groups, which are: compact, irregular, columnar, plates, and rosettes. north-west and thus over the Scandinavian Mountains. In this case, mountain lee-waves or gravity waves can occur. Indications for this have been observed by ESRAD or LIDAR on four days. For one day (2013-02-20) Fig. 4 shows the LIDAR extinction coefficient (left) and the ESRAD vertical velocity (right). The RADAR can yield vertical velocities based on the Doppler shift of the backscatter signal. The variation of vertical velocities over time and altitude show very clearly that there were waves present at that time, horizontal wind direction points to the mountain range as source. In the case of LIDAR, the extinction 5 coefficient shows the appearance and disappearance of clouds and the slope of clouds (inclination of cloud stripes on the altitude-time plot) indicates waves.
The cirrus was caused four times in context with an occlusion and twice in relation to a warm front. Twice the cirrus was formed in front of a cold front due to strong wind and orographic uplift over the Scandinavian Mountains. 
Cirrus origin
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A simple and quite new method of classifying clouds is based on their origin. Two possible cirrus origins are distinguished, liquid and in-situ. This classification is described in detail by Krämer et al. (2016) and Luebke et al. (2016) and is briefly outlined in the following. If the cloud was formed at a temperature below 235 K, it is assumed to be an in-situ origin cloud, in which particles form directly from the gaseous phase to the solid phase. If the temperature at the formation of the cloud was above 235 K, it is considered to be a liquid origin cloud. In this case the ice particles formed at lower altitudes via the liquid 15 phase and were lifted subsequently to the cirrus temperature range. As formation in this context, we consider the time when the ice water content (IWC) started to be greater than zero, or 24 h before the in-situ measurement in case IWC was greater than zero during these 24 h. 
Cloud properties
The cloud extent and averaged temperature for each measurement are listed in Tab 6 km with a low cloud base at an altitude of 2 km and 3 km, respectively. It may not be correct to call these clouds cirrus.
However, in both cases, the entire cloud contained ice phase only, and the lower levels represent, as will be discussed later, glaciated, previously mixed-phase clouds. We believe these to be interesting cases and included them in our cirrus study. The approximately 600 µm and 1200 µm respectively. Both days represent two liquid origin cases with southerly winds, low cloud base (totally frozen, previously mixed-phase cloud), and large vertical extension. In cases of in-situ origin cirrus, all particles were smaller than 350 µm. On three of the four days with in-situ origin (2013-02-20, 2016-03-15 and 2016-12-15 ) all particles were even smaller than 100 µm. This difference in size is also reflected in the number size distribution (PSD). Figure 7 shows
PSDs for all measurement cases, where possible also for different height levels. The in-situ origin PSDs are fairly narrow, yet grown to larger sizes. On 2012-04-04, the ice particles may have grown somewhat more than on the other days with in-situ origin clouds, leading to somewhat wider PSDs on that day.
All distributions of the liquid origin clouds extend to larger sizes and are broader than in the case of the in-situ origin. In order for the particles to grow that large, a sufficiently high temperature with the related high water vapour concentration is In general, the PSDs are more narrow and the number concentration (NC) higher with increasing height and decreasing 10 temperature. This can be clearly seen, for example, for the in-situ origin clouds in Fig. 7 and Fig. 8 . The dependence of in-situ origin PSDs and NC on altitude and temperature is likely due to the main ice nucleation zone being at the cloud top. This dependence of the PSDs and NC has also been found on a global scale (e.g. Sourdeval et al., 2018; Gryspeerdt et al., 2018) .
This PSD and NC trend with altitude and temperature is not clearly seen for the liquid origin cirrus cases. This could be explained by the fact that liquid origin cirrus form at lower altitudes and then ascent in the prevailing updraft. The few ice 15 particles, nucleated in warmer and thus also moister air masses, grow to large sizes which sediment out of the air mass while ascending. This means that in pure liquid origin cirrus there is no process enhancing the number concentration of smaller ice particles towards the cloud top or higher altitude.
However, these variations in PSDs with altitude or temperature are less than the general differences observed between insitu origin and liquid origin. The broadest size distribution at the lowest height of the in-situ origin cloud on 2013-02-20 for 20 example is still much more narrow than any distribution of the liquid origin cloud on 2016-02-12. This is true also for the other measurement days, even when considering the two liquid origin clouds with more narrow PSDs, which are still broader than in-situ PSDs at similar temperatures. That means that size distributions measured in different clouds but at similar altitudes and temperatures can be significantly different. While these differences are obviously not only related to the local ambient conditions, they are strongly related to the cloud origin.
Data reported earlier from aircraft measurement at high latitudes also show a large range in sizes comparable to the observations of our balloon measurements. Gayet et al. (2007) described a measurement in which they collected falling ice particles 5 from a cirrus cloud above. The size distribution between 25 µm and 1000 µm mentioned by them corresponds well with our two thick liquid origin clouds, which had their lower edge approximately at the same height and similar temperature. Furthermore, Sourdeval et al. (2018) presented PSDs from five aircraft campaigns (ATTREX, ACRIDICON-CHUVA-tropics, SPARTICUS, ML-CIRRUS and COALESC -mid-latitudes). In the averaged data, they observed, in addition to a primary mode of sub 100 µm particles that was always present, a secondary mode of larger than 100 µm particles that appeared only at temperatures higher 10 than -50
• C. They discuss that this large particle mode is due to liquid origin cirrus. Thus, a comparison with our measurements shows that in the Arctic liquid origin clouds with larger particles can still occur at lower temperatures. Such high differences in NC between in-situ origin clouds may be related to the influence of wave activity. Krämer et al.
(2016) discussed two types of in-situ origin cirrus. The first type appears in slow updrafts, e. g. in warm conveyor belts. The ice is nucleated mostly heterogeneously and the corresponding ice particle number concentrations are low. In the second type which is related to fast updrafts, the ice particles form homogeneously with high number concentrations triggered by the fast 25 updraft. The two days (2013-02-20 and 2012-04-04 ) with higher number concentration (300 -400 / L) and also the 2016-03-15 were associated to very strong wind coming from the north-west which led to waves, as observed by ESRAD or LIDAR on both days. These gravity or mountain lee waves with the related high vertical velocities can be the needed trigger for such high number concentrations (e.g. Lohmann and Kärcher, 2002) . Field et al. (2001) showed that number concentrations in wave clouds can even rise with decreasing temperature up to 100000 / L. In contrast, the mid-latitude in-situ origin cirrus The number concentrations of the liquid origin clouds were always relatively low (5 / L to 70 / L). The lower NC in comparison to Luebke et al. (2016) , who found a median ice number concentration slightly above 100 / L in liquid origin mid-latitude cirrus, might be due to a lower number of ice nucleating particles (INP) in Arctic regions (Costa et al., 2017) , which are necessary for heterogeneous freezing. However, low number concentrations could also be caused by a dissolving cloud state. To confirm this, one would need INP or humidity measurements during some time before our measurements, hence, we can only 5 speculate here.
In the discussion above, we have noticed that values for NC were different compared to values reported for cirrus in the mid-latitudes. While in liquid origin clouds the NC was lower, it was higher in in-situ origin clouds compared to the same cloud type in the mid-latitudes. To understand this and the general differences between the two origin types better one can look at the different formation pathways and thus differences in microphysical properties of these two cirrus origin types. The in-10 situ cirrus clouds formed at temperatures below 235 K either by hetereogeneous nucleation of ice nucleating particles (INP) or homogeneous nucleation of super-cooled solution particles (Krämer et al., 2016) . Thus, the ice particle number concentration of such clouds is in the range of the available INP or given by the large number of homogeneously nucleated particles in this temperature range due to fast updrafts.
Number concentrations are on average smaller than in liquid origin clouds. However, in fast updrafts, many small ice crystals 15 form homogeneously, which is reflected in a high number concentration and was more often the case in our measurements. As a result, in our case three of the in-situ origin clouds had higher or about the same NC as liquid origin clouds. Liquid origin clouds are present typically in case of convection or large scale transport like warm conveyor belts. The cirrus ice particles of liquid origin are mostly formed by heterogeneous freezing at lower altitudes and temperatures above 235 K, where typically mixed-phase clouds occur. They are uplifted into the in-situ temperature range where they at latest fully glaciate. In the original 20 altitude, more water vapour and INPs are available, resulting together with the continuous updraft in larger particles, higher number concentration and thus higher ice water content compared to the in-situ origin clouds with slow updraft. As indicated earlier, differences between mid-and high latitudes may then be explained by differences in the available INP for liquid origin clouds and the larger influence of waves on our measurement cases in the Arctic in case of in-situ origin.
Shape
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In our individual cases there is no significant dependence of the shape on temperature and relative humidity (with respect to ice). Furthermore, no particular dependence of particle shape over the height was found. Therefore, we are reporting the average frequency of occurrence of the different particle shapes (see Tab. 2) and discuss how that varies depending on cloud origin. These average frequencies of shape occurrence for in-situ origin and for liquid origin clouds are also shown in Fig. 9 (left panel). The right panel of this figure shows how the average particle sizes of the different shapes vary depending on the 30 cloud origin. As can be seen in Fig. 6 and Fig. 9 , in the case of in-situ origin, the particles are usually small in size and compact or irregular in shape. However, in the case of liquid origin, the particles are most commonly irregular and rosettes. In-situ origin clouds form at a temperature range (< -38
• C) where the water concentration in the atmosphere is very low. Therefore, there is Number'size'distribu-ons'in0situ'origin'
Number'size'distribu-ons'liquid'origin' Figure 7 . Number size distributions for all measurement days for different cloud levels (in-situ origin top and liquid origin bottom). Number'concentra-on'in/situ'origin'
Number'concentra-on'liquid'origin' Figure 8 . Number concentration as a function of altitude for all measurement days (in-situ origin top and liquid origin bottom) not enough water available to form large or complex shapes. Hence, it is understandable that most of the in-situ origin cirrus particles found were compact.
While compact particles are on average the smallest ones, rosettes, irregular and columnar particles in liquid origin clouds were largest. Liquid origin cirrus clouds, in contrast to in-situ origin cirrus, form at warmer temperatures with higher water vapour content in the air. Therefore, the ice particles can grow larger and also to more complex shapes. Particularly large ice 5 particles were observed on the two days (2015-04-01 and 2016-02-12) where the lower part of the cloud was in the temperature regime of mixed-phase clouds. As discussed earlier, at the time of measurement these two clouds were completely frozen.
However, the liquid water, which was probably present at some earlier stage, has contributed to the observed extensive growth.
This is in agreement with Bailey and Hallett (2009) , who claim that a high supersaturation is needed for the growth of rosettes and hollow columns, which were abundant on those days. Fewer rosettes were found on the other two days (2013-12-18 and 2014-03-20) . This may be unexpected, however, it may be explained by larger particles falling out of the probably ageing clouds. In fact, these clouds looked like they were in the process of dissolving, as discussed earlier in Sect. 4.1.
It is noticeable that almost all columnar particles and rosettes were hollow in case of liquid origin cirrus. This corroborates findings by others (e.g. Weickmann et al., 1948; Heymsfield et al., 2002; Schmitt et al., 2006) , in which measurements showed that around 80 % of all collected rosettes were hollow to a certain extent. In the case of in-situ origin cirrus there are very few,
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and if present, then very small rosettes and columns. Thus, a statement regarding their hollowness would be rather speculative.
The supersaturation present in our liquid origin cloud measurements is most of the time too low to directly explain growth of our observed hollow rosettes and columns. According to laboratory measurements by Bailey and Hallett (2004) , existence of hollow rosettes requires high supersaturation, and hollowness of rosettes is more likely at higher temperatures (> -40
While the temperature and water vapour at which the particles were detected is too low, ambient properties at the origin of the 10 clouds met the conditions for hollow rosette growth in the case of liquid origin clouds. Thus, this demonstrates once more that environmental conditions at cloud origin are crucial for explaining observations.
In both origin cases, plates and columnar particles were rarely collected. They are on average less frequent than any of the other shapes. This is similar to Korolev et al. (1999) , who have collected only 3 % of these shapes. In Tab. 2 it can be seen that in the case of in-situ origin clouds on 2013-02-20 the highest percentage of plates was sampled with only 1.8 %. Somewhat more 15 columns were collected, on average 5.7 %. In the case of liquid origin these particle shapes were on average more frequent than in the case of in-situ origin, as can be seen in Fig. 9 . Plates were on average 3.0 % of all observed ice particles, and columns are with 12.3 % even a little more frequent than compact particles (10.8 %).
Shape detection is sometimes intricate, even with high image resolution. Some particle shapes may be confusing, as also observed by others (e.g., Lindqvist et al., 2012) . Here, the assignment between irregulars and rosettes was sometimes ambiguous,
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because in a few cases rosettes appear somewhat irregular. For example, some rosettes look as if they have a part missing or one bullet seems to be a longer column. In such cases, we have assigned these irregular rosettes to the shape group rosettes rather than to irregulars. In other cases, small compact ice particles sometimes show characteristics that indicate an initial formation of rosettes, however, we have still classified them as compact due to their spheroidal shape. Classifying them as rosettes would not have changed any of the results discussed here.
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For ice particles smaller than 20 µm the shape is difficult to recognize and, consequently, some misclassification may occur leading to over-representation of compact in this size range and under-representation of other shapes such as plates and rosettes.
However, on the day with the smallest particles (2013-02-20) only about 6 % of all particles were smaller than 20 µm. Thus, this issue of potential misclassification will likely not alter our findings significantly.
Summary and Conclusions
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In this study, eight balloon-borne in-situ measurements of Arctic cirrus clouds were analysed. The balloons were launched from Kiruna, Sweden during winter time. Particular emphasis was placed on the analysis of ice particle size, shape and number concentration with respect to cirrus origin. Since in-situ origin clouds are formed from the gas phase at temperatures below 235 K, while liquid origin clouds formed via liquid drops at temperatures above 235 K, the cloud and particle properties are expected to vary in accordance to cloud origin. And indeed, while large differences in particle size, shape and number concentration are observed between the various measurements, some similarities are noticed within the two groups of data with liquid and in-situ origin clouds, respectively. These similarities and the differences between data, when grouped in liquid and in-situ origin, are summarized below: The results of this study imply that remote sensing retrievals and weather and climate models could be improved when accounting for these differences rather than using parameterisations that depend only on local conditions. Future work will include more measurements for further significant statistical evaluation. In addition, we also want to allow several B-ICIs to fly one after the other in order to investigate a temporal development of the particle properties.
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